Introduction
Substances inherently associated with starch granules, like lipids and proteins, either attached to the surface or located inside, affect swelling and gelatinization of starch [1] [2] [3] . Particularly potent effectors are lipids that either bind to the surface or are incorporated into amylose-lipid inclusion complexes (AML) [4] [5] [6] [7] . The presence of lipid complexes in starch granules is observed as a hydrophobic nucleus situated within helices formed by amylose chains. The lipid complexes vary between 0.15-0.55% of the amylose fraction in cereal starches. Lipids in starch granules, despite representing a small fraction, can significantly reduce the swelling capacity of the starch paste [8] . Not less important are non-starch polysaccharides such as arabinoxylans (AX, pentosan) that are often encountered components of cereal starch granules [9, 10] . The endosperm cell walls are disrupted during milling of the wheat grain, and during subsequent starch/gluten separation small particles of cell wall material are mixed with the starch fraction. The cell wall material is rich in the pentosan (at least 70%) and constitutes a high proportion of the pentosan found in the starch fraction [10] . Starch is one of the principal sources of glucose for other conversions. Production of enzymatic starch hydrolysates, containing 93-98% glucose, is a twostep process, beginning with starch liquefaction to dextrins, catalyzed by α-amylase, which is followed by saccharification to glucose, catalyzed by glucoamylase. Glucose syrups obtained this way are subjected to filtration and refining to remove the remaining solids and impurities, which Abstract The effect of sowing time of three facultative wheat varieties (late autumn or spring) on the content and properties of arabinoxylans (AX) adsorbed on the surface of starch granules in the process of washing out from flour, and the impact of AX on physicochemical properties of starch and filtration performance of enzymatic starch hydrolysates were determined in this study. The differential scanning calorimetry (DSC) was used to assess the susceptibility of native starches and starches deprived of AX to gelatinization and hydrolysis by α-amylase (under conditions used in industry). Processes of amylose-lipid complexes (AML) dissociation and re-association were monitored to determine values of transition enthalpy (ΔH), temperatures of the onset (T o ), peak (T p ) and completion (T c ) of the transition as well as to calculate ΔT r (T c − T o ). The time of wheat sowing affected properties of AX associated with starch granules that in turn influenced the characteristics of starch and its enzymatic hydrolysates. The presence of AX in starch granules negatively affected filtration of glucose syrups obtained under the same conditions as in industry.
negatively affect their quality [9] [10] [11] . The efficiency of enzymatic starch hydrolysis is strongly affected by the presence of non-starch components of granules, such as lipids, proteins and non-starch polysaccharides, mainly AX.
The influence of arabinoxylans on the quality of starch hydrolysates from various cereals has been intensively studied because AX absorb large amounts of water and form highly viscous gels that may negatively affect processes of enzymatic starch hydrolysis [10, 12] and filtration of hydrolysates obtained from cereal starches [13] . Because of the high water holding capacity, water-extractable arabinoxylans reduce rates of many technological processes (including those in the starch industry). WEAX can form complexes with soluble starch fraction or proteins present on the surface of starch granules. Such complexes negatively affect the dynamics of enzymatic hydrolysis because of the reduced access of amylolytic glycoside hydrolases to starch chains. Results of certain studies suggested that not only the total concentration of AX but also the WEAX/ WUAX ratio and branching pattern influence the rate of filtration of enzymatic starch hydrolysates and their quality, i.e. transparency and glucose concentration [9] [10] [11] .
Apart from genetic factors, also climatic conditions during the growth of wheat and grain formation may decide the chemical composition of grains and starch granules. For instance, the content of lipids increases with the rise in temperature of wheat maturation [14] [15] [16] [17] . A diminishing interest in the cultivation of spring cereals, in particular spring, wheat varieties, is a consequence of even twice lower crop yields compared to winter varieties. The reduced crop yields are caused by an increasing water deficit and low precipitation during spring and summer that negatively affect the growth of spring wheat varieties [18] . Therefore, they have been increasingly replaced by facultative ones.
Facultative (or alternative) varieties of cereals are spring varieties that can be sown either in spring or late autumn (or even early winter) [19] . Irrespective of sowing time they fully develop and produce ears containing grains. However, only a few varieties of cereals are tough enough. All of them bear a cold-acclimation gene that allows surviving winter season and makes these plants more resistant to adverse environmental conditions. Facultative cereal varieties can be sown even in January or February if climate conditions are mild enough. These cereals prefer areas with mild winters and high precipitation in autumn, like Middle Asia, Chile, Middle East, Australia, Belgium, France, Slovakia, south Germany and Balkan Peninsula [20] . Because of the global warming effect and low spring precipitation, facultative varieties of cereals have been increasingly popular. They may be sown late autumn, after harvests of sugar beets or other cereals because they need shorter vernalization periods than typical winter varieties [19] . Crop yields of facultative cereals depend on sufficient supply of water from winter precipitation. Maturation and harvesting of facultative and winter varieties occur almost simultaneously which enables using the same fields for the production of rape (this is usually impossible after harvesting of spring cereals) [21, 22] . There are no reports on the effect of sowing time of facultative wheat varieties on the amount and characteristics of non-starch polysaccharides such as arabinoxylans associated with the surface of starch granules. Because also the AX, apart from lipids and proteins, may influence the course of technological starch processing and quality of starch hydrolysates, the authors of this work decided to determine the impact of wheat sowing time on the level of AX adsorbed on the surface of starch granules in the process of washing out from flour as well as their effect on starch gelatinization and thermodynamic properties of AML complexes (enthalpies and temperatures of their association and dissociation) occurring in both liquefied starch and its enzymatic digests. These parameters were determined by the differential scanning calorimetry (DSC). The effect of AX removal on filtration performance of glucose syrups produced from the tested starches, isolated from the facultative wheat varieties, was also determined.
Materials and methods

Materials
Starch-rich fractions were isolated from grains of 3 facultative wheat varieties: Nawra, Cytra and Koksa (registered in a national register of wheat varieties-COBORU; Cytra in 2004-quality group B, Nawra and Koksa in 2008-quality group A), which were grown as the spring and winter (sown late autumn) ones, and harvested in 2012. These varieties were cultivated under the same climatic and agronomic conditions by the Institute of Plant Breeding and Acclimatization in Strzelce (field in Kończewice, Poland). Six batches of grains obtained this way (2 batches for each variety) were milled and resulting flours were used to isolate starches. All these wheat varieties were classified as medium-hard, based on results of hardness measurements using a 4100 Single Kernel Characterization System (SKCS, Perten Instruments) [23] . This analysis consisted of measurements of the hardness of 300 grains of a cereal, conducted in triplicate, as described by the authors elsewhere [24] . The values of grain hardness were: 58 and 64, 55 and 57, and 65 and 66, for the spring and autumn (referred to as winter in [24] ) crops of Koksa, Nawra, and Cytra, respectively.
Enzymatic hydrolysis of starch-rich fractions was conducted under the same conditions as in industry and catalyzed by the following enzymes: All chemicals and reagents used in this study were of analytical grade (Sigma-Aldrich, Germany).
Methods
Each of six starch-rich fractions samples were washed using a method of Martin Process [25] , which was modified by the authors [24] from dough prepared by mixing flour and water in a ratio of 2:1 (w/w) and incubated for 30 min to form gluten matrix. Starch-rich fractions was washed with the running cold tap water until the negative reaction of the remaining gluten with Lugol reagent (solution of I 2 in KI), and recovered from resulting suspension by repeated sedimentation at 5 °C (to prevent oxidation and degradation of lipids and proteins).
Chemical composition of starch granules
The isolated starch-rich fractions were analyzed for: dry matter content [24] , protein content by Kjeldahl method, according to the American Association of Cereal Chemists (AACC) procedure [26] , total lipid content by Soxhlet-Weibull method, with acid hydrolysis [24] , and nonstarch polysaccharides (arabinoxylans) content by gas chromatography. The latter method relied on AX hydrolysis to monosaccharides (xylose and arabinose) using 2 M trifluoroacetic acid (TFA) at 110 °C and reduction of these pentoses to volatile derivatives (alditols) [27] . The analysis was performed using a Varian 450-GC gas chromatograph equipped with a VF-23 ms Factor Four Capillary column (60 m × 0.25 mm × 0.25 μm). All results were expressed on a dry weight basis.
Extraction of non-starch polysaccharides from starch granules
To determine the effect of AX adsorbed to the surface of starch granules in the process of washing out from flour, on the susceptibility of starch to gelatinization and hydrolysis by α-amylase, the AX were extracted with water and then with saturated Ba(OH) 2 . This enabled to remove separately the water extractable arabinoxylans (WEAX) and water unextractable arabinoxylans (WUAX). To extract WEAX, starch slurries (starch: water ratio of 1:2) were mixed for 2 h (room temperature) using a magnetic stirrer (the first step) and centrifuged for 15 min at 4600 rpm (the second step). This procedure was repeated once more and the separated starch was dried at room temperature. Then the WUAX fraction was extracted from the starch by mixing its suspension in aqueous Ba(OH) 2 solution (the saturated solution supplemented with 5% w/v NaBH4) for 16 h (room temperature, starch: solution ratio of 1:2) using the magnetic stirrer, and centrifuging for 15 min at 4600 rpm (also this two-step procedure was repeated once more). The separated starch was dried at room temperature and used for further analyses.
The degree of substitution of xylose residues with arabinose moieties
The structure of AX isolated from the starch-rich fractions of interest, it means the number of xylose residues that were substituted with arabinose units was determined by the magnetic resonance 1 HNMR. Samples of AX (30 mg each) were dissolved in aliquots (1 ml) of deuterium water D 2 O that contained the standard DSS. To achieve complete dissolution of AX, these samples were incubated overnight at room temperature using the shake platform. Then, they were centrifuged two times (6300g, 5 min) and the supernatants were analyzed using a Bruker Avance III 500 (11.7 T) apparatus. The spectra were resolved at 85 °C as described by [28] .
Thermodynamic properties of starch and dissociation/ re-association of AML complexes
Thermal analysis was conducted by the DSC for the native starch-rich fractions and starches obtained by extraction of AX fractions from the surface of starch granules. This analysis enabled to determine the susceptibility of these starches to gelatinization and hydrolysis by α-amylase. Also, the impact of AX on properties of AML complexes was estimated.
DSC analyses were carried out using a MICRO DSC III calorimeter from Setaram Instruments (France) [24] . Nitrogen (purity of 99.95%) was used as the purge gas at a flow rate of approximately 20 mL min −1 . Indium (mp-156.6 °C,
) was used for the calibration of the DSC instrument.
The effect of AX on starch gelatinization
Triplicate samples (about 200 mg) of native starch-rich fractions and AX-free starches were weighed to a steel, high-pressure, type "batch" cell, and thoroughly mixed with water at the starch/water ratio of 30:70 (w/w). The cell was then hermetically sealed and allowed to equilibrate at room temperature (18-20 ± 2 °C) before the analysis (1 h). An empty, hermetically sealed cell was used as a reference. The suspensions of starch were subjected to heating from 18 °C to 120 °C at a scanning rate of 1 °C min −1 and cooling from 120 to 18 °C at the same scanning rate. Starch gelatinization and processes of AML complexes dissociation and re-association, occurring during the first and the first and second step, respectively, were monitored to determine values of transition enthalpy (expressed in J g −1 d.w. starch) and temperatures of the onset (T o ), peak (T p ) and completion (T c ) of the transition [24] .
The effect of AX on starch hydrolysis by α-amylase
The suspension of starch-rich fractions in water (30:70 w/w) was mixed with α-amylase (0.0003% of starch dry weight-0.0004 KNU g −1 d.w. starch, the same enzyme: starch ratio is used in industrial processes of starch liquefaction). The cell was then hermetically sealed and allowed to equilibrate at room temperature (18-20 °C ± 2 °C) before the analysis (10 min). An empty, hermetically sealed cell was used as a reference. In this case, the process consisted of the following steps: heating from 18 to 95 °C (1 °C min ), cooling from 120 to 18 °C (1 °C min −1 ). The temperature of 95 °C and time of 40 min are the parameters of industrial starch liquefaction. As in the study described above, starch gelatinization and processes of AML complexes dissociation and re-association, occurring during the successive steps, were monitored to determine values of transition enthalpy (expressed in J g −1 d.w. starch) and temperatures of the onset (T o ), peak (T p ) and completion (T c ) of the transition [29] .
Enzymatic starch conversion to glucose syrups
Processes of enzymatic hydrolysis of native starch-rich fractions and starch-rich fractions obtained by extraction of AX from the surface of starch granules were performed in a laboratory scale [11] . Wheat starch slurries (300 cm 3 , 
Determination of physicochemical properties of starch hydrolysates
The following properties of starch hydrolysates were determined:
• the rate of filtration An aliquot (10 cm 3 ) of hydrolysate (10 °Bx) was filtered at 60 °C under the constant pressure of 0.88 kg·(cm 3 )
−1
(Millipore Corporation, Bredford, MA 01730, USA) through a 0.45 μm membrane and the time of this process was measured [11] .
• the compressibility of filtration cake
The solids remained after filtration of starch hydrolysates were lyophilized and analyzed for solid substance content. Before measurements of the compressibility, the lyophilizates were rehydrated at the lyophilizate d.w.: distilled water ratio of 4:6 for 12 h at 4 °C. Then these samples were mixed to obtain a homogeneous paste.
The compressibility of filtration cakes was measured using a TA.XT Plus Texture Analyzer (Stable Micro Systems) equipped with an aluminum cylindrical probe P/25 (diameter of 25 mm) from Stable Micro Systems and an aluminum cylindrical cell. Samples (10 ± 0.01 g) of the rehydrated paste were placed in this cell and air bubbles were removed from them by repeated gentle knocking at the bottom of the cell that also enabled to level the surface of paste samples. The texture analyzer measured the maximum weight that was necessary to squeeze the 10 g sample with the thickness of 10 mm.
Statistical analysis
All assays were carried out in triplicate and their results are presented as mean ± standard deviation. The data were subjected to one-way analysis of variance (Anova), using computer program Statistica 7.1. Differences were regarded as statistically significant at p < 0.05.
Results and discussion
Chemical composition of native starches and starches deprived of arabinoxylans
The extent of starch hydrolysis depends, among others, on the size and order of crystalline regions of starch granules. The susceptibility of crystalline regions to degradation by amylolytic enzymes depends on the degree of their order. More ordered crystalline regions are less prone to hydrolysis [30] . Properties of wheat starch hydrolysates depend on the crystallinity of starch granules and their chemical composition. The physicochemical starch properties are affected by the substances associated with starch such as proteins, lipids and non-starch polysaccharides such as arabinoxylans. The results of proteins and lipids assays in the starches of facultative wheat varieties are collected in Table 1 . The protein contents in the native starches varied from 0.43 to 0.49% d.w. and were not statistically significantly affected by the sowing time and grain hardness. Quantification of proteins in the starches deprived of AX enabled to estimate the strength of interactions between AX and proteins associated with the surface of starch granules and its dependence on the sowing time and grain hardness. The results of this analysis showed that the amount of proteins removed along with AX depended on the sowing time, and more proteins were extracted from the spring sown crops than from the autumn sown counterparts. Furthermore, the amount of extracted proteins decreased with the increase in grain hardness. It suggests that the strength of interactions between the proteins and the surface of starch granules in grains of soft wheat varieties is lower than in case of hard varieties. Furthermore, it may be concluded that the strength of interactions between proteins and AX is stronger in the case of starch granules from the spring sown and less hard wheat grains. Of course, it is necessary to take into consideration the variable hardness of grains of the facultative wheat varieties, which are categorized as medium hard. It may be assumed that the strenght of the interaction between proteins and AX may be reflected in the molecular structure of AX. Besides the ratio of number of xylose residues substituted with arabinose to unsubstituted ones, the ratio of a number of xylose residues substituted with one arabinose residue to a number of xylose residues linked to two arabinose moieties is also important (Table 1 ). This ratio was higher in the case of preparations of WEAX that were isolated from harder grains of the facultative wheat varieties, obtained when they were sown in late autumn. This, in turn, suggests that xylose residues in AXs from autumn sown facultative wheat varieties are substituted with single arabinose residues in a greater extent than with double ones. Therefore, their interaction with molecules of proteins associated with the surface of starch granules are weaker. On the contrary, WEAX xylose residues from spring sown crops are to a greater extend double substituted than mono-substituted with arabinose residues. Therefore, their interactions with these proteins may be stronger, as mainly arabinose residues are the ones to bound to proteins.
The data presented in Table 1 demonstrate that extraction of AX from starch granules caused also the partial removal (2.5-12.0%) of lipids and the percentage of lipids extracted with AX depended primarily on the wheat sowing time (statistically significant differences), and to the lesser extent on the grain hardness. More lipids were extracted from starch granules of the autumn sown wheat crops. In the case of the Cytra variety, which was characterized by the highest hardness of grains, the difference between amounts of lipids extracted from starch granules of the spring and autumn sown crops was only around 1%. The percentage of lipids removed along with AX increased with the rise in the hardness of grains that suggests that the strength of interactions between the lipids and AX also increased with the hardness. Table 1 The dependence of proteins and total lipids contents in native and AX-free starches and the ratio of xylose residues substituted with one or two arabinose residues in native starches on the sowing time of the facultative wheat varieties M/D the ratio of xylose residues substituted with one or two arabinose residues Means within each variable with different superscripts (capital letters relate to the difference in the amount of protein-lines, small letters relate to the difference in the amount of lipid-lines, arabic numerals relate to the difference in the amount of protein and lipids according to the sowing time for specific varieties of wheat-columns, roman numerals relate to the difference in the ratio of xylose residues substituted with one or two arabinose residues according to the sowing time for specific varieties of wheat-columns) are significantly different (p ≤ 0.05) Interestingly, the percentage of proteins (40%-above 60%) extracted along with AX from starch granules was higher compared with the percentage of extracted lipids (2.5-12%). This difference suggests that the protein-AX interactions were stronger than the lipid-AX interactions. This finding is consistent with conclusions of other authors who also observed the strong interactions between starch granule associated wheat proteins and AX [13, 31] .
The effectiveness of the applied methods of AX extraction from starch granules was evaluated based on the results of qualitative and quantitative analysis of WEAX and WUAX fractions, contained in the native starches and starches remained after AX extraction (Fig. 1a, b) . The differences in WEAX contents in the native starches (Fig. 1a) were statistically significant and much higher than the differences in WUAX and TOAX (Fig. 1a) . The amounts of WEAX in starch granules from the facultative varieties that were sown in the spring were significantly lower than in the counterparts sown in autumn (Fig. 1a) . The analysis of data presented in Fig. 1b suggests that the methods used to extract AX were efficient because nearly all WEAX and the high percentage of WUAX were removed from starch granules. The percentages of WUAX, which were not detached from starch granules depended on the sowing time, and were 20, 21, 2, 15, 4 and 14-fold lower compared to the native starches from spring and autumn sown crops of Cytra, Koksa and Nawra, respectively. Thus, more WUAX were removed from the starch granules when these varieties were sown in autumn.
The objective of further part of this work was to determine the impact of differences in chemical composition between the native and AX-free starches on the course of their gelatinization, formation and dissociation of AML complexes and susceptibility to degradation by α-amylase as well as characteristics of glucose syrups derived from these starches such as color, filtration rate and compressibility of filtration cake.
Thermodynamic properties of starch and dissociation/ re-association of AML complexes
The knowledge about the parameters of starch gelatinization and the susceptibility of AML complexes to dissociation and re-association during starch gelatinization and liquefaction by α-amylase, enables optimization of enzymatic hydrolysis conditions in terms of the highest quality of glucose syrups. The suitable analytical method, enabling optimization of starch thermal processing conditions and doses of amylolytic enzymes is DSC. The data describing the thermodynamics of starch gelatinization and association/dissociation/re-association of AML complexes formed in the native and AX-free starches, either liquefied with the α-amylase Termamyl 120L (Novozymes) or not, are presented in Table 2a , b. The dose of α-amylase and the temperature of starch liquefaction were the same as in industry. The native starches were more prone to gelatinization than the AX-free counterparts (Table 2a) because of the higher values of gelatinization enthalpy (ΔH) and lower values of maximum temperature of gelatinization (T p ), and the onset and termination temperatures (T o and T c , respectively). The native and AX-free starches derived from the crops sown in the spring were less susceptible to gelatinization (significantly higher values of T p ) than the counterparts sown late autumn. The data presented in Table 2a demonstrate that the time of sowing of the facultative wheat varieties significantly affected the susceptibility of the starches to gelatinization. Sowing in the spring resulted in the significantly higher gelatinization temperatures (T o , T p and T c ).
The susceptibility of starch to gelatinization is characterized by the value of T p . The higher is T p , the more energy is required to initiate gelatinization of starch granules [32] [33] [34] . Thus, the starches isolated from the crops sown in the spring were less prone to gelatinization compared to the autumn sown counterparts. The differences in the enthalpy of starch conversion (ΔH) suggest that the starches contained different amounts of crystallites that are formed by amylopectin, which underwent melting transition [33, 34] . 
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The values of ΔH were significantly lower in the case of the starches isolated from the spring-sown crops than from the autumn-sown counterparts. The susceptibility of starch to gelatinization is also reflected by the range of gelatinization temperatures (ΔT r ), which depends on the uniformity of crystalline regions of cereal starches [35] [36] [37] [38] . More uniform crystalline structures of starch are characterized by the smaller difference between temperatures of gelatinization onset and completion (ΔT r = T o − T c ). In the case of the starches isolated from the spring-sown crops of the tested facultative wheat varieties, the range of gelatinization temperatures (ΔT r ) was significantly narrower in comparison to the autumn-sown counterparts, that could be caused by the greater uniformity of crystalline regions, which made the first starches less prone to gelatinization. The same tendency was observed in the case of the starches deprived of AX (Table 2a, gelatinization) . Interestingly, the removal of AX from the starches caused that the contents of AML complexes were around fourfold lower than in the native starches. It was concluded based on the comparison of the values of ΔH of AML complexes dissociation in the native and AX-free starches (Table 2a) . Furthermore, the AML complexes in the latter starches showed the higher tendency to re-association than in the native starches. This suggests that the removal of AX from the surface of starch granules creates suitable conditions for AML formation due to the easier access of lipids to amylose chains. Moreover, the polymorphs of AML complexes formed in the AX-free and native starches were different because the dissociation temperatures of the first complexes were by 8-10 °C lower (Table 2a , AML dissociation). This difference means that they were more amorphous and susceptible to enzymatic digestion [39] [40] [41] . In comparison to the starches from the autumn-sown crops, the native starches from the spring-sown facultative wheat varieties were characterized by the lower temperatures of AML complexes dissociation while in the case of the complexes formed in the AX-free starches this tendency was opposite.
Also, the character of curves in DSC thermograms reflects the thermodynamic conversions occurring in starch granules. The peaks attributed to starch gelatinization in the endothermic curves of the native and AX-free starches were similar (the curves were not presented). However, the peaks attributed to AML complexes dissociation were different. In the case of the AX-free starches, these peaks were wider and contained a characteristic dent, attributed to the excess of lipids, which were not bound in the AML complexes (Fig. 2a-native starches, Fig. 2b -AX-free starches). These lipids were particularly visible in the starches from the spring-sown crops. This finding is consistent with the former observation of the authors who reported that starch granules from the spring-sown facultative wheat varieties contained more lipids on the surface than the late autumn-sown counterparts [24] . In the case of the AX-free starches, the peaks in exothermic curves attributed to AML complexes re-association during cooling of the gelatinized starches were wider and had a bimodal character, particularly in the case of the springsown (Fig. 2d) , less prone to gelatinization starches. This suggests formation of two different AML polymorphs, which was reported in literature. For instance, Boltz and Thompson [42] who studied gelatinization of high-amylose starches, in which the amylose: lipids ratio was much higher than in the case of wheat starches, suggested that amylose chains did not undergo complete conformational reorganization during heating of starch suspensions, and only a part of amylose was able to form AML complexes. This phenomenon was not observed in the case of wheat starches and starches containing the similar amounts of amylose, because the studies reported in literature focused on different AML polymorphs of known structure that were formed in laboratory conditions [40, 41] . The transitions of AML complexes during successive steps of heating and cooling have not been fully elucidated yet. It is thought that partial melting of the crystallites and dissociation of amylose and lipid take part when starch suspensions are heated while cooling of gelatinized starch brings about re-association of crystallites [43] . However, further studies are necessary to explain these phenomena in more detail. The results of DSC analysis of starch hydrolysates obtained from the native and AX-free starches using α-amylase are presented in Table 2b . The data describe the course of starch gelatinization as well as dissociation and re-association of AML complexes formed in the enzymatically digested starch. Comparison of these data proves that the AX-free starches were less prone to degradation by α-amylase than the native ones because the peak gelatinization temperatures (T p ) were by 2-3 °C higher, irrespective of the sowing time (Table 2b , gelatinization). The values of AML dissociation enthalpy (ΔH) were significantly lower in the case of the AX-free starches. The AML complexes were more prone to degradation by α-amylase in the case of the native and AX-free starches from the autumn-sown crops. After liquefaction with α-amylase, the AML complexes formed in AX-free starches were less crystalline (more amorphous) as proved by the lower Tp temperatures (by 10-20 °C) of their dissociation (Table 2b,  dissociation) . Thus, these complexes were more susceptible to enzymatic hydrolysis than the complexes formed in the liquefied native starches. The AML complexes formed in AX-free starches, isolated from the autumn-sown crops, were characterized by the lower T p temperatures than their spring-sown counterparts. This suggests that they occurred in the easily degradable by α-amylase, amorphous form (Table 2b , dissociation). The values of enthalpy (ΔH) of re-association of AML complexes formed in the AX-free starches, liquefied with α-amylase, were significantly lower compared to the native starches (Table 2b , re-association) that suggests their lower tendency to re-association.
The values of ΔT r , which characterize the uniformity of crystalline regions, were around 2-2.5-fold greater in the case of the dissociation of AML complexes formed in AX-free, liquefied starches, compared to the native starches (Table 2b , dissociation). The larger is ΔT r value, the less crystalline and more susceptible to enzymatic degradation is AML complex [24] . Therefore, filtration of the hydrolysates obtained from AX-free starches was faster (Fig. 2a) . Also the values of ΔT r of AML complexes re-association after AX-free starch liquefaction with Δ-amylase were lower compared to the native starches (Table 2b , re-association).
The character of peaks in exothermic curves depicting the re-association of AML complexes provides evidence that only one form appeared in AX-free starches (the single peak in each of the curves, Table 2b , re-association) while two polymorphs were formed in native starches (two peaks in the curves, Table 2b , re-association). Also, this may explain the differences in the susceptibility of these starches to enzymatic hydrolysis and physicochemical properties of glucose syrups, including filtration rate (Fig. 3a) and compressibility of filtration cakes (Fig. 3b) .
Filtration performance of glucose syrups
Filtration performance of glucose syrups obtained from the native and AX-free starches was different (Fig. 3a) . Filtration of the hydrolysates obtained from the AX-free starches was much faster compared to the hydrolysates of native starches, irrespective of the time of sowing of the facultative wheat varieties, with an exception of the autumn-sown Cytra variety. Filtration of the hydrolysate of the AXfree starch derived from its grains was longer compared to the hydrolysate of the native Cytra starch (autumnsown) which was consistent with the lower value of ΔT r (20.66 °C) of AML complex re-association (Table 2b , reassociation) in the liquefied by α-amylase AX-free starch compared to that of the native starch (23.47 °C). Thus, the first AML complexes had more ordered crystalline structure and were more resistant to saccharification by glucoamylase. In general, filtration of glucose syrups from the AX-free starches isolated from autumn-sown crops was longer compared to the spring-sown counterparts while in the case of the hydrolysates of the native starches this tendency was opposite (Fig. 3a) . It may be ascribed to the properties of AML complexes formed in the hydrolysates of AX-free starches (around twofold higher values of ΔT r compared to the complexes formed in the hydrolysates of native starches, Table 2b , dissociation).
The compressibility of filtration cakes from enzymatic starch hydrolysates
The compressibility of solid residues remained after filtration of the hydrolysates of the native and AX-free starches was different and correlated with transitions of AML complexes. The higher is the force necessary to squeeze the given amount of precipitate, the better is filtration performance of the given enzymatic hydrolysate. The results of measurements show that the removal of AX from the surface of starch granules significantly increased the compressibility of filtration cakes remaining after filtration of glucose syrups (Fig. 3b) , which was consistent with the shorter filtration time (Fig. 3a) . The less crystalline structure of AML complexes formed in the hydrolysates of AXfree starches (greater values of ΔT r , Table 2b , dissociation) makes these complexes more susceptible to enzymatic degradation. Simultaneously, the texture of filtration cake is less gel-like and pasty, and more dry and tight. The changes in the texture and form of the solids, which remained after enzymatic starch hydrolysis, caused that filtration of the hydrolysates from the AX-free starches was faster.
The results of DSC analysis demonstrate that AX associated with the surface of starch granules affect the susceptibility of starch to gelatinization and liquefaction by α-amylase. This technique enables monitoring of transitions occurring in starch granules and their dependence on process parameters. However, the authors could not discuss the presented results with findings of other authors because of the lack of similar reports. As far as we know, only the effect of the presence of AX in the flour, whole cereal grains and various parts of the husk was described in the literature.
Conclusion
Reassuming, the results of DSC analysis showed that the removal of AX from wheat starch granules significantly changed the thermodynamics of starch gelatinization and association/dissociation/re-association of AML complexes, and improved the quality of enzymatic hydrolysates. The AX-free starches were more prone to liquefaction by α-amylase and the AML complexes formed were less crystalline than the complexes formed in the native starches, which were more resistant to degradation by α-amylase and glucoamylase (this conclusion was based on the values of ΔT r ). This, in turn, caused that filtration of hydrolysates from the AX-free starches was faster and the compressibility of filtration cakes was greater. Filtration performance of the glucose syrups obtained from the native starches isolated from autumn-sown facultative wheat varieties was better compared to the syrups from the spring-sown counterparts. The removal of AX from the surface of starch granules reduced this difference. The results of this study may help to solve the problems related to filtration of glucose syrups in industry. These problems, such as low filtration rates, dark color, and haze, are caused mainly by the arabinoxylans associated with the surface of starch granules.
